Ischemia/reperfusion (I/R) injury is the main cause of tissue damage and dysfunction. I/R injury is characterized by Ca 2+ overload and production of reactive oxygen species (ROS), which play critical roles in the process of I/R injury to the brain, heart and kidney, but the underlying mechanisms are largely elusive. Recent evidence demonstrates that TRPM2, a Ca 2+ -permeable cationic channel and ROS sensor, is involved in I/R injury, but whether TRPM2 plays a protective or detrimental role in this process remains controversial. In this review, we discuss the recent progress in understanding the role of TRPM2 in reperfusion process after brain, heart and kidney ischemia and the potential of targeting TRPM2 for the development of therapeutic drugs to treat I/R injury.
Introduction
Ischemia is a restriction of the blood supply to tissues, and it results in decreased oxygen and glucose supply to many tissues, such as the brain, heart, kidney, liver, lung, among others [1] . Ischemia is reversible if the blood flow is restored to the affected tissue, but this causes a secondary effect called ischemia/reperfusion (I/R) injury. I/R injury is characterized by the production of both inflammation factors and reactive oxygen species (ROS), which contributes to tissue damage [2, 3] . In the last several decades, the roles of ROS in I/R injury have been intensively addressed. A large number of studies have demonstrated increased ROS formation during hypoxia/ischemia, and there is ample evidence of a surge in ROS generation with reoxygenation/reperfusion. For example, during the I/R stage, excessive ROS results in cell death by disrupting cellular signaling transduction, activating inflammation factors and inducing lipid peroxidation [4] [5] [6] [7] . However, the mechanisms for ROS induced cell death during I/R injury are largely elusive.
Recently, emerging evidence indicates that TRPM2, the second member of the TRPM (transient receptor potential melastatin) channel subfamily, is a ROS sensor [8, 9] . As a Ca 2+ -permeable cationic channel, TRPM2 plays an important role in many physiological and pathological processes by increasing intracellular Ca 2+ , regulating ROS production or enhancing cytokine production. Although many studies have indicated that TRPM2 performs a detrimental role in I/R injury [10] [11] [12] [13] , recent studies present evidence to support a role of TRPM2 in protecting the heart from the damage of I/R injury [14, 15] . Due to the complicated function of the TRPM2 channel during the I/R process, it is important to fully understand the intrinsic mechanisms of TRPM2 in I/R injury, which will determine whether the TRPM2 channel is a new therapeutic target for ischemic diseases.
In this review, we mainly focus on the regulation of TRPM2, particularly its role in the reperfusion process after cerebral, cardiac and renal ischemia and its therapeutic potential in I/R injury.
The channel properties of TRPM2
TRPM2 is the second member of the TRPM family of cation channels and is widely expressed in many cell types including brain, heart, hematopoietic, vascular, smooth muscle and endothelial cells [8, 16, 17] . As a membrane protein, TRPM2 has not only been described to be present as a Ca 2+ -permeable channel in plasma membranes, but it has also been found to have a function as a lysosomal calcium release channel in pancreatic β-cells and dendritic cells [18, 19] . TRPM2 is a homo-tetrameric nonselective cation permeable channel, in which each subunit consists of an intracellular N terminus (approximately 700 amino acids), a region of approximately 300 amino acids containing six transmembrane segments (S1-S6, residues 762-1048) with a pore-forming loop located between the S5 and S6, and a coiled-coil (CC) domain followed by a unique adenosine diphosphate ribose (ADPR) pyrophosphatase homolog domain (NUDT9-H, residues 1236-1503) (Figure 1 ) [8, 16, [20] [21] [22] . Among these, the N terminus has an IQ-like motif that binds with calmodulin (CaM) located at residues 404-416, and this motif plays an important role in channel facilitation and activation by intracellular calcium (Figure 1 ) [17] ; the NUDT9-H domain provides the sites for ADPR binding and thus is directly involved in ADPR induced TRPM2 activation (Figure 1 ) [23] . In addition to the full-length TRPM2, splicing variants including TRPM2-ΔN, TRPM2-ΔC [24] , TRPM2-S [25] , TRPM2-SSF and TRPM2-TE [26] have also been identified. Some of these can influence or disrupt the function of the full-length TRPM2, but there is still much uncertainty about the mechanisms by which alternative splicing can alter the isoform expression and the function of these isoforms.
TRPM2 can be activated by many extracellular signals including oxidative stress, tumor necrosis factor-α (TNF-α), amyloid β-peptide (Aβ-42) and concanavalin A (ConA) [27] , which all result in the production of intracellular ADPR, which, in turn, activates the channel with an EC 50 of 1-90 μmol/L and creates substantial permeation to monovalent or divalent cations such as Na + , K + , Zn 2+ and Ca 2+ . The relative permeability of P K /P Na is approximately 1.1, P Ca /P Na is approximately 0.9 and P Mg /P Na is approximately 0.5 [28] . The current displays a characteristic linear current voltage (I-V) relationship with a reversal voltage close to 0 mV, and the single-channel conductance is in the range of 50-80 pS [29] . In addition to ADPR, some other adenine nucleotide second messengers, which are metabolically related to ADPR, were also reported to have the ability to activate TRPM2, including cyclic ADPR (cADPR; EC 50 ~0.7 mmol/L) [9] , nicotinic acid adenine dinucleotide phosphate (NAADP; EC 50 ~0.73 mmol/L) [30] and nicotinamide adenine dinucleotide (NAD + ; EC 50 ~1-1.8 mmol/L) [16] . However, it still remains unclear whether TRPM2 can be directly activated by these molecules because the contamination with ADPR or the metabolism of the molecules to ADPR under the function of enzyme CD38 may account for the observed TRPM2 activation [30, 31] . Moreover, 2'-O-acetyl-ADP-ribose (OAADPR), a metabolite of the silent information regulator 2 (SIR2) protein deacetylase, can also induce TRPM2 activation by directly binding to the NUDT9-H domain with an EC 50 of about 100 μmol/L [31] . In addition, Ca 2+ plays a critical role in the full activation of TRPM2; in the absence of either external Ca 2+ or internal Ca 2+ , ADPR failed to induce TRPM2 currents [17] . This is probably due to an increase in the channel sensitivity to ADPR [32] . It has also been suggested that Ca 2+ itself may gate the TRPM2 channel in a concentration-dependent manner with an EC 50 of 17 μmol/L; this is possibly a result of conformational changes evoked by a Ca 2+ -dependent tethering of CaM with the abovementioned TRPM2 IQ-like motif [33] . TRPM2 can also be activated by micromolar levels of H 2 O 2 and agents that produce ROS, which results in a direct link to oxidative stress. However, whether H 2 O 2 directly binds to TRPM2 or gates the channel through H 2 O 2 -triggered activation of poly(ADPR)polymerase (PARP)/poly(ADPR) glycohydrolase (PARG) and ADPR, production remains contentious [23, 24, 34, 35] . So far, several TRPM2 inhibitors have been identified. Adenosine monophosphate (AMP), generated from ADPR hydrolysis, was the first discovered inhibitor of TRPM2, and it binds to the NUDT9-H domain and competes with ADPR for the binding sites [9, 18, 30, 36] . Another antagonist, 8-Br-ADPR, can also have a similar competitive inhibitory mechanism, providing strong inhibition of the channel activation by ADPR [37] . In addition, the inhibition of TRPM2 currents has also been , which all target the extracellular pore region [38] [39] [40] [41] [42] [43] . Moreover, several structurally unrelated pharmacological agents have been reported to inhibit the TRPM2 channel, including flufenamic acid (FFA), clotrimazole (CTZ), econazole N-(p-amylcinnamoyl) anthranilic acid (ACA) and 2-aminoethoxydiphenyl borate (2-APB) [44] . However, none of these is specific to the TRPM2 channel. Thus, the development of TRPM2-specific inhibitors is required to better understand the channel functions and for potential therapeutic purposes.
The role of TRPM2 in cerebral ischemia/reperfusion
The extracellular glutamate concentration increases during the initial phase of an ischemic attack, and Ca 2+ permeable NMDA receptors (NMDARs) are widely accepted as the key effectors during ischemia. Despite the considerable promise of neuroprotection of NMDAR blockers from in vitro and in vivo animal studies, clinical trials on all NMDAR antagonists were halted due to a lack of efficacy [45] . This has led researchers to consider other non-selective cation channels as therapeutic targets for ischemia, including acid-sensing ion channels [46, 47] and TRP channels [48] [49] [50] [51] . Remarkably, recent studies have shown that nonselective cation channels activated by oxidative stress play a crucial role in cerebral ischemia, especially in the reperfusion phase during which the oxidative stress is dramatically increased [52] . Increasing oxidative stress and the production of ROS during cerebral ischemia may activate nonselective cation channels such as TRPM2 and TRPM7, contributing to neuronal injury after I/R [52] . Among these TRP channels, the TRPM2 channel is the most explicitly established channel serving as a cellular redox potential sensor, which confers cells with the ability to sense and respond to oxidative stress [8, 9, 29] . Accumulating studies on TRPM2 channels have provided insight into their potential role in I/R injury, and this points to the importance of continued studies on TRPM2 channels. Until now, the in vivo and in vitro evidence has consistently shown that TRPM2 is detrimental in brain ischemia [10, 11, [53] [54] [55] [56] [57] (Figure 2 ). Although an early study showed upregulated TRPM2 expression weeks after focal cerebral ischemia [53] , the involvement of TRPM2 channels in ischemic brain injury was first assessed using pharmacological inhibitors and short-hairpin RNA (shRNA)-mediated knockdown of TRPM2 expression, which suggested that TRPM2 was selectively involved in male specific focal ischemic damage [54] . Later on, by using the patch clamping approach, the same group reported that TRPM2 was selectively activated in male cultured neurons after the reperfusion stage in vitro, which first suggested that TRPM2-mediated reperfusion induced neuronal death [55] . In addition, a recent study has reported that the inhibition of TRPM2 activity with CTZ reduced male hippocampal CA1-delayed neuronal death when administered with normothermia cardiac arrest for 30 min and followed by a resuscitation (CA/CPR) model of global cerebral ischemia [56] , and this provided the first evidence for TRPM2 as a target against global cerebral ischemia in the male brain. Afterward, by using the TRPM2 inhibitor CTZ, Shimizu and colleagues reported that the androgen signaling and PARP-1 activity were required for TRPM2-mediated neuronal death in the male brain [57] . Because these studies employed non-specific inhibitors or siRNA of TRPM2 to present its role in brain ischemia, recent studies have employed TRPM2-knockout (KO) mice and have also demonstrated that TRPM2 is involved in this process. These studies include the following: Figure 2 . TRPM2 channels in neurons, microglia and neutrophils play detrimental role in brain ischemic reperfusion injury via multiple signaling pathways. [10] . This study also showed that the excitability of TRPM2-KO mice was increased compared with that of wild type (WT) mice during redox modulation, which was due to the upregulation of the GluN2A subunit and the downregulation of the GluN2B subunit resulting from TRPM2 deficiency in neurons. Accordingly, they further detected the increase of GluN2A-mediated prosurvival signaling via Akt and the ERK pathway; however, the GluN2B-mediated death signaling pathway was impaired in TRPM2-KO mice. Although this study uncovered a new mechanism for TRPM2 mediated ischemic injury through regulating the expression of NMDARs, the function of TRPM2 itself in ischemia was still elusive.
2) It is well known that intracellular zinc accumulation is critical for delayed CA1 pyramidal neuronal death after global ischemia injury [58] [59] [60] [61] [62] , and previous studies have shown that the Ca 2+ permeable AMPA receptor plays an important role in zinc accumulation during global ischemia [63] [64] [65] [66] . Using a transient global ischemia model in vivo and an oxygen and glucosedeprived model (OGD) in vitro, we have uncovered a new mechanism for TRPM2 involved in ischemia. The TRPM2-KO mice showed a dramatic reduction in CA1 neuronal death and zinc accumulation, and they showed protected learning and memory impairment induced by ischemia injury, indicating that the survived neurons protected by TRPM2 deletion had preserved functional outcomes after ischemia [11] . Importantly, this finding further clarified that Ca
2+
-permeable AMPA receptors mediated the increases in the [Zn 2+ ] c during the OGD stage, while the TRPM2 channels were responsible for the increases in both the [Zn 2+ ] c and ROS generation during the reperfusion stage. This supports the notion that Zn 2+ induces further ROS production post-ischemia [61, 64, [67] [68] [69] [70] [71] . This study was the first to provide compelling evidence that TRPM2 activation during reperfusion initiates a vicious positive feedback mechanism that drives the delayed increase in the [Zn 2+ ] c , cell death in CA1 pyramidal neurons, and memory impairment after transient ischemia.
3) Emerging evidence indicates that inflammatory cells play a role in ischemic brain tissue by extending the brain infarction. As mentioned above, TRPM2 is highly expressed in both microglia and macrophages. Recent studies indicate that the TRPM2 in microglia and macrophages was also involved in ischemia injury [72, 73] . Sakimoto and colleagues generated bone marrow chimeric mice by transplanting bone marrow from GFP-WT or GFP-TRPM2-KO mice into irradiated recipients of both genotypes. Their results showed that both central and peripheral deficiency of TRPM2 in microglia/macrophage improved neurological deficits and further suggested that TRPM2 in microglia/macrophage controlled nitric oxide (NO) release-mediated cerebral ischemia injury. Similarly, Gelderblom and colleagues also demonstrated that TRPM2 in neutrophils and macrophages regulated their migration ability to the ischemic brain and thereby resulted in secondary brain injury [72] . These findings uncovered a new role of TRPM2 in ischemic injury, in which TRPM2 in immune cells regulates NO release and migration of microglia or macrophage. Taken together, these findings demonstrate that the TRPM2 expressed in both neurons and immune cells is detrimental for brain I/R injury, suggesting that TRPM2 is a promising target of brain ischemia injury. Several non-specific TRPM2 inhibitors, such as CTZ and ACA, used either before or after ischemia have shown protective effects against ischemia [54, 56, 57, 72] , which is encouraging in the development of specific TRPM2 inhibitors as ischemic therapeutics in the future. Therefore, further investigations looking for specific, safe, and well-tolerable TRPM2 inhibitors are warranted.
The role of TRPM2 in cardiac ischemia/reperfusion Like brain cells, cardiac tissue is also one of the most sensitive tissues for ischemia [51, 74] . Lethal reperfusion injury is a type of myocardial injury caused by the restoration of coronary blood flow after an ischemic episode. After reperfusion, the constriction ability of cardiomyocytes is maintained in a decreased situation, and this requires several hours or even days to recover. The specific features of this situation include decreased ventricular end diastolic pressure (VEDP), ventricular peal systolic pressure (VPSP) and the first time derivative of left ventricular (LV) pressure rise (dp/dt) max [75] . Similar to brain ischemia injury, ROS and Ca 2+ overloading are also the main causes of cardiac I/R injury.
Oxidative stress is a significant hallmark of reperfusion injury, and it produces ROS, which strongly induces cell injury and even death [76] . Several molecules downstream of the ROS pathways, including the Rho family of small GTP binding proteins, the Src family of tyrosine kinase and Ras, are critical for H 2 O 2 -activated ERK signaling, which exerts a protective function against apoptosis after oxidative stress [77] . Ca 2+ overloading is another important part of cardiac I/R injury [78] . Although under normal conditions, myocytes keep a low level of intercellular Ca 2+ , intracellular Ca 2+ is increased in the reperfusion period, which reduces the membrane potential of mitochondria and Ca 2+ uptake. This mitochondrial dysfunction not only reduces ATP production and cardiac myocyte bioenergetics maintenance, but it also generates a caspase cascade to induce autophagy and apoptosis [24] . Ca
and ROS play significant roles in myocardial I/R injury, suggesting that the TRPM2 channel is a key player in this physiological and pathological process [79] . TRPM2 is mainly located in sarcolemma and transverse tubules in mouse left ventricle myocytes [14] . Several studies have demonstrated that TRPM2 channels are involved in the exacerbation of myocardial I/R injury ( Figure 3A) . These studies include the following: 1) Yang and colleagues reported that TRPM2 and PARP-1 activation were involved in oxidative stress-induced cardiomyocyte death [80] . By combining treatments with TRPM2 and PARP-1 inhibitors, oxidative stress activated TRPM2 in cultured rat cardiomyocytes, which induced mitochondrial Na 2) Later, Roberge and colleagues reported another role of TRPM2 in ischemia-induced myocyte death [81] . As a main factor of ROS, TNF-α induced a non-selective cation current, which is inhibited by TRPM2 inhibitors, caspase-8 inhibitors, PARP-1 inhibitors and antioxidants in isolated myocytes, suggesting that TNF-α activated TRPM2 channels led to a ROS increase, PARP-1 activation and ADPR production by inducing caspase-8 activation. CTZ and TRPM2 inhibitory antibodies decreased TNF-α-induced cardiomyocyte death, suggesting that TRPM2 is involved in TNF-α-mediated myocyte injury. These findings suggest that TRPM2 in myocyte ischemia injury was mainly involved in Ca 2+ overloading, which promoted mitochondrial damage and activated an apoptosis signaling pathway.
3) Recently, Hiroi and colleagues showed that TRPM2-KO mice exerted reduced myocardial infarct and improved cardiac contractile function in I/R injury but in not ischemia injury compared with TRPM2 WT mice. Neutrophil activation and infiltration is a hallmark in reperfusion injury, and TRPM2 is highly expressed in polymorphonuclear leucocytes (PMNs) [12] . To clarify whether neutrophil and/or myocardial TRPM2 channels are implicated in reperfusion injury, hearts isolated from the TRPM2 WT or TRPM2-KO mice were perfused with PMNs from either type of mice. Interestingly, only PMNs from the WT mice resulted in an enlargement in infarct Figure 3 . (A) The schema model of TRPM2 channels mediated detrimental or protective signaling pathways in cardiac ischemic reperfusion injury; (B) TRPM2 channels play a detrimental role in renal ischemic reperfusion injury through regulating RAC1 dependent NADPH oxidase activity.
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Acta Pharmacologica Sinica npg size in both WT and TRPM2-KO hearts, which indicates that TRPM2 activation in PMNs was responsible for cardiac I/R injury [12] . These findings suggest that TRPM2 is detrimental in cardiac I/R injury.
Nevertheless, recent studies have argued that TRPM2 channels exert a protective function in cardiomyocyte I/R injury ( Figure 3A) . At rest, there were no differences between the TRPM2-KO and WT mice in body weight and cardiac functions. After I/R injury was induced by occluding the left anterior descending coronary artery for 30 min, infarct size in TRPM2-KO and WT mice was similar, while TRPM2-KO mice exerted lower +dp/dt compared with the WT mice, which indicates that TRPM2 channels protect cardiomyocytes from I/R injury in heart function [14] . Furthermore, they observed a reduced Ca 2+ influx; decreased expression of HIF-1α, FOXOs and SODs; and an increased ROS level in the TRPM2-KO mice after I/R injury, suggesting that a Ca 2+ influx mediated by TRPM2 plays an important role in regulating ROS level by controlling the expression of HIF-1α, FOXOs, and SODs in this process. Most recently, the same group has shown that TRPM2-mediated Ca 2+ entry protects the heart from I/R injury by not only sustaining mitochondrial function and reducing mitochondrial ROS but also by promoting calcineurin-RACK1-related survival signals [15] . Thus far, it is still difficult to determine whether TRPM2 is detrimental or beneficial in cardiac I/R injury. For example, two groups reported opposite results by using TRPM2-KO mice, which might be due to differences in the deleting sequence of TRPM2 in KO mice, differences in the animal models such as time of ischemia (45 vs 30 min) and reperfusion (24 vs 72 h), the anesthesia approach (pentobarbital vs isoflurane), cell types (neutrophil vs myocyte) or different cell lines.
In addition, previous pharmacological and genetic deletion studies have shown the controversial roles of TRPM2 in I/R injury, which could be due to compensatory mechanisms or indirectly regulating other protein expression levels during development. Tissue specific and drug-inducible fine controlling of the TRPM2 expression by the conditional knockout mice approach will be helpful to determine the function of TRPM2 in cardiac I/R injury in the future. Alternatively because treatment with non-specific TRPM2 inhibitors such as ACA improved cardiac function after I/R injury, it will also be helpful to investigate the role of TRPM2 in this process once the specific TRPM2 inhibitor is available in the future.
The role of TRPM2 in renal ischemia/reperfusion Kidney I/R injury is common in kidney transplants and hemorrhagic shock, which is always followed by acute kidney injury (AKI) and is associated with serious complications and a high mortality rate [82] . The pathology of I/R injury in kidneys is almost the same as that in the brain and heart, including the generation of ROS, alteration in nucleotide metabolism, and endothelial cell-mediated apoptosis. Immunofluorescence indicated the expression of TRPM2 in renal proximal tubular epithelial cells mainly in the cytoplasm and intracellular organelles but not on the plasma membrane [13] .
Unlike the heart, a recent study showed that the kidney of TRPM2-knockout mice was resistant to ischemia reperfusion injury, as reflected by decreased blood urea nitrogen (BUN) and serum creatinine (SCR) compared with the WT mice [13] . Several inflammatory indicators were also observed to be decreased in the KO mice, such as lipocalin 2, a marker in kidney injury. As mentioned above, neutrophil infiltration is one of the causes of ischemia injury in organs including the kidney [6] . In TRPM2-KO mice, there were significantly fewer neutrophils infiltrating the kidney tissue compared with the WT mice after I/R injury. Pharmacological inhibitors of TRPM2 channels demonstrated similar protective effects in kidney I/R injury [13, 83, 84] . These observations indicate that the TRPM2 channels have a harmful function in kidney I/R injury. This study showed that TRPM2 promoted RAC1 activation, and it activated RAC1 to physically interact with TRPM2 following kidney ischemia. Then, activated RAC1 increased NADPH oxidase activity after renal I/R injury, which initiated a positive feedback loop to activate TRPM2 and RAC1 and increased the production of ROS, finally resulting in apoptotic cell death ( Figure 3B ) [85] . These findings indicate that TRPM2-dependent RAC1 activation increases NADPH oxidase activity, and they suggest that the therapeutic targeting of TRPM2 may be effective in alleviating ischemic kidney injury [86] .
Conclusion
Although substantial progress has been made in the prevention of ischemia injury in the past decades, there is still a lack of effective drugs for stroke patients. Is TRPM2 a bad or good guy in I/R injury? As discussed above, although accumulating evidence indicates TRPM2 is involved in cell death induced by I/R injury in the brain, heart and kidney, the role of TRPM2 in cardiac ischemia injury may still not be answered concisely yet. Otherwise, because the signals participating in TRPM2-mediated I/R injury vary in different tissues, it will be interesting to investigate whether these signals play the same role in different tissues. It is worth noting that pharmacological inhibition of TRPM2 prevents the brain, heart and kidney from I/R injury, which suggests that TRPM2 is a promising target for the development of neuroprotective drugs in the future. Once a selective antagonist is available for TRPM2, further extensive preclinical testing is necessary to assess the therapeutic potential of the TRPM2 inhibitor in ischemic injury.
